B lood vessel degeneration and regression are vital pathologies in numerous human diseases and are associated with nearly all types of degenerative diseases, such as retinitis pigmentosa (RP), diabetic retinopathy, age-related macular degeneration, Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis (1) (2) (3) . RP is a retinal degenerative disorder in which blood vessel degeneration contributes significantly to retinal atrophy, ultimately leading to loss of vision. In addition, recent studies have shown that prolonged treatment with antiangiogenic drugs may cause tissue degeneration (4) (5) (6) . Given the increasing incidence of many degenerative diseases in an aging population and the rapidly growing clinical use of antiangiogenic drugs, there is an urgent need for strategies promoting blood vessel survival and protection. Because the pathological process of vascular degeneration involves complex mechanisms (7) , treating such diseases remains challenging. Identifying effective vascular protective factors and the underlying mechanisms therefore is highly warranted.
The PDGF family plays important roles in the vascular system (8) (9) (10) (11) . PDGF-CC was the third of the four PDGF family members discovered (12, 13) , long after the finding of PDGF-AA and PDGF-BB. PDGF-CC is highly expressed in the vascular system (8, 14) and is produced as a secreted homodimer that binds to and activates the PDGF receptors PDGFR-α and PDGFR-β (12, 15) . PDGF-CC is a critical survival/protective factor for neuronal cells (8, 9, 16) and macrophages (17) and has been shown to be a potent angiogenic factor (10, 15, (18) (19) (20) .
However, whether PDGF-CC plays a role in the survival/regression of blood vessels remains unknown thus far.
In this study we used different animal models and cultured cells and investigated the potential effect of PDGF-CC on blood vessel survival. We found that PDGF-CC is a potent vasoprotective factor that rescues blood vessels from degeneration/regression under developmental and pathological conditions. Mechanistically, we show that heme oxygenase-1 (HMOX1), a potent antioxidative and anti-inflammatory factor, is required for the vasoprotective effect of PDGF-CC. Our data indicate that PDGF-CC may be of therapeutic use in treating different types of degenerative diseases in which blood vessel survival is impaired.
Results pdgf-c Deficiency Increases Blood Vessel Regression. Although PDGF-CC is highly expressed in the vascular system (8, 19) , its role in blood vessel survival is unclear. We therefore used pdgfc-deficient mice (Fig. S1A) and various model systems to investigate this role. First, a model of hyaloid blood vessel regression Significance PDGF-CC plays critical roles in many biological processes, such as development, tumor growth, and angiogenesis. However, its role in blood vessel survival/regression and the underlying mechanisms remain unknown. Here, using different loss-and gain-of-function assays and multiple model systems, we show that PDGF-CC is a critical vascular protective factor required to maintain blood vessel survival. Mechanistically, we found that heme oxygenase-1 (HMOX1) activity is crucial for the vascular protective/survival effect of PDGF-CC. Given the general involvement of vascular degeneration in most degenerative diseases, PDGF-CC may be of therapeutic use in treating different types of degenerative disorders. Our findings point out that the PDGF-CC level should be monitored closely in various pathological conditions to ensure normal blood vessel survival.
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showed lower hyaloid vessel densities at postnatal day 3 (P3) and P8 in pdgf-c-deficient mice (n = 8, P < 0.01, Fig. 1A ; n = 8, P < 0.05, Fig. S1B ), demonstrating that pdgf-c deficiency increases hyaloid vessel regression. It is noteworthy that no difference in hyaloid vessel density was observed at P1 (n = 8, P > 0.05) (Fig.  1A) , suggesting the unlikelihood of a developmental defect. Secondly, a model of oxygen-induced retinal blood vessel regression (OIR) showed that pdgf-c deficiency led to larger avascular areas 5 d after hyperoxia (n = 8, P < 0.05) (Fig. 1B) , demonstrating that pdgf-c deficiency accelerates oxygen-induced retinal blood vessel regression. Again, no difference in retinal blood vessel density was observed in neonatal pdgf-c-deficient mice (D n = 8, P > 0.05) (Fig. S1C) , suggesting the unlikelihood of a developmental defect.
PDGF-CC Protects Retinal Blood Vessels from Oxygen-Induced
Regression. We subsequently investigated whether PDGF-CC could protect blood vessels from regression using an OIR model (21, 22) , which includes two stages to assess the degree of vessel regression. In the first stage (75% O 2 ), hyperoxia induced retinal blood vessel regression from P7 to P12 (Fig. 2A, Fig. S2A , BSAtreated, and Fig. S2B , Upper Left). In the second stage (room air), severe retinal hypoxia caused by the preceding retinal vessel regression led to retinal neovascularization at P17 (Fig. 2B , Upper Left and Fig. S2A , BSA-treated). Therefore, if a potent vasoprotective factor was supplied in the first stage to prevent retinal blood vessels from regression in the first place, retinal neovascularization would not occur in the second stage, as indeed was the case for PDGF-CC. In the first stage of this model, under this specific experimental condition, intravitreal injection of PDGF-CC (500 ng per eye) decreased oxygen-induced retinal blood vessel regression by more than 50% at various time points (n = 8, P < 0.001) ( Fig. 2A and Fig. S2B ), whereas PDGF-AA, another ligand of PDGFR-α, had little effect, and PDGF-BB and and P12. The ratios of the staining intensities of CD31/NG2 and CD31/SMA did not differ in the BSA-and PDGF-CC-treated samples. (Scale bars: 300 μm in A and B; 50 μm in C; 10 μm in C, Insets.) **P < 0.01, ***P < 0.001.
PDGF-DD had weaker effects (n = 8, P < 0.001 and P < 0.01, respectively) ( Fig. 2A and Fig. S2B ). In the second stage of this model (after 5 d of room air), PDGF-CC-treated retinas displayed little hypoxia-induced retinal neovascularization and smaller avascular areas than the BSA-treated control (n = 8, P < 0.001 and P < 0.01, respectively) ( Fig. 2B ), but in retinae treated with PDGF-BB and PDGF-DD, these two parameters were more similar to those in the BSA control. Immunoprecipitation assays and immunofluorescent staining showed that the PDGF proteins activated PDGFR-α and PDGFR-β in cultured vascular smooth muscle cells (SMCs) and endothelial cells (ECs), respectively (Fig. S3 ). In addition, PDGF-CC treatment led to more CD31 + , neural/glial antigen 2 (NG2) + , and smooth muscle actin (SMA) + vessels at both P8 and P12 ( Fig. 2C and Fig. S1E ) but did not result in more blood vessels than what can be seen in normal retinae (n = 8, P < 0.001) (Fig. S2C ). In addition, the ratios of the staining intensities of CD31/NG2 and CD31/SMA show no difference between BSA-and PDGF-CC-treated samples (Fig. 2C) , indicating that PDGF-CC seems to affect all the vascular cells.
PDGF-CC Up-Regulates HMOX1 Expression in Vitro and in Vivo. To explore the mechanism underlying the vasoprotective/survival effect of PDGF-CC, we investigated the genes regulated by PDGF-CC. Real-time PCR showed that PDGF-CC treatment up-regulated the expression of HMOX1, a potent anti-oxidative gene (23) , and other prosurvival genes in the retinae 24 h after hyperoxia ( Fig. 3A and Fig. S4A ). Indeed, PDGF-CC inhibition or blocking PDGFR-α, the receptor for PDGF-CC, using neutralizing antibodies markedly decreased HMOX1 expression ( Fig. 3 B and C) and inhibited PDGF-CC-induced PDGFR-α activation in the retinae (Fig. S4F) . At a protein level, Western blot showed higher HMOX1 levels after PDGF-CC treatment in different vascular cells, whereas pdgf-c deficiency decreased HMOX1 expression in the retinae (Fig. 3D) . PDGF-AA, another ligand of PDGFR-α, did not up-regulate HMOX1 expression (Fig. S4E) , and PDGF-BB and PDGF-DD had a weaker effect than PDGF-CC ( Fig. S4 B and C) . Thus, PDGF-CC is a potent inducer of HMOX1.
Vasoprotection by PDGF-CC via HMOX1 in Vitro and in Vivo. We next investigated the role of HMOX1 in PDGF-CC-mediated survival of vascular cells. Different vascular cells were cultured in serumfree medium so that their survival (rather than proliferation) could be investigated. We found that PDGF-CC increased the survival of both vascular ECs and SMCs (n = 6, P < 0.05, P < 0.01, P < 0.001) (Fig. 3 E-H) . Importantly, cotreatment with an HMOX1 inhibitor, zinc protoporphyrin (ZnPP IX) (n = 6, P < 0.05, P < 0.01, P < 0.001) (Fig. 3 E-H), or HMOX1 siRNA (n = 6, P < 0.05) ( Fig. 3 I and J and Fig. S5A ) abolished the survival effect of PDGF-CC. In an OIR model in vivo, intravitreal injection of PDGF-CC protected retinal vessels from regression and markedly reduced avascular areas (n = 6, P < 0.001) (Fig. 4) . Importantly, coadministration of the HMOX1 inhibitor ZnPP IX completely abolished the vasoprotective effect of PDGF-CC in vivo in a dose-dependent manner (n = 6, P < 0.001) (Fig. 4) , demonstrating that the vascular protective/survival effect of PDGF-CC requires HMOX1.
PDGF-CC Rescues Blood Vessel and Retinal Degeneration via HMOX1
in an RP Model. We next tested whether PDGF-CC could ameliorate blood vessel degeneration under pathological conditions using rd1 mice, a commonly accepted model for retinitis pigmentosa, in which retinal and blood vessel degeneration represents a serious pathology by displaying few blood vessels and thin retinae ( Fig. 5 A and C, BSA-treated). In this model, intravitreal injection of PDGF-CC protein rescued retinal blood vessels from degeneration and resulted in higher blood vessel densities throughout the retinae (n = 4, P < 0.001 or P <0.05) ( Fig. 5A and Fig. S5B ). The effect of PDGF-CC was particularly striking in the deep retinal layer where blood vessel density increased by about eight-fold (n = 4, P < 0.01) (Fig. 5B) . Importantly, apart from the increased survival of retinal blood vessels, PDGF-CC treatment also rescued retinal degeneration, as shown by the increased thickness of different retinal layers (n = 4, P < 0.05, P < 0.01, P < 0.001) ( Fig. 5C and Fig. S5C ). It is noteworthy that coadministration of the HMOX1 inhibitor ZnPP IX abolished the effect of PDGF-CC nearly completely (n = 4, P < 0.05, P <0.01, P <0.001) (Fig. 5 A-C and Figs. S5 B and C and S6 A and B). GFAP staining showed no significant difference in overall astrocyte activation/density between PDGF-CC-and BSA-treated retinae even though there seemed to be a tendency of increased GFAP staining in the nerve fiber layer (Fig. S4G) . Thus, PDGF-CC rescued both retinal and blood vessel degeneration via HMOX1 under pathological conditions. PDGFR-α and PDGFR-β Are Required for the Vasoprotective Effect of PDGF-CC. PDGF-CC binds to and activates PDGFR-α and PDGFR-β (12, 15) . We therefore investigated their potential role in the vasoprotective effect of PDGF-CC. Immunofluorescent staining detected PDGFR-α and PDGFR-β expression on retinal blood vessels ( Fig. 6A and Fig. S7 ). Immunoprecipitation and immunoblotting showed activation of PDGFR-α and PDGFR-β by PDGF-CC in vascular SMCs and ECs (Fig. 6B) . PDGFR-α and PDGFR-β activation in the PDGF-CC-treated retinae also was detected by fluorescent staining in both the OIR and RP models in vivo ( Fig. S8 A and B) . Moreover, the survival/ protective effect of PDGF-CC was abolished by PDGFR-β and PDGFR-α neutralizing antibodies in cultured vascular SMCs and ECs (n = 5, P < 0.05, P < 0.01, P < 0.001) (Fig. 6 C-E) . Furthermore, in the OIR model, the vasoprotective effect of PDGF-CC was largely abolished by neutralizing antibodies against PDGFR-α and PDGFR-β (n = 6, P < 0.001). The effect of blocking the PDGFR pathways was similar to pdgf-c deletion in pdgf-c knockout mice (n = 6, P < 0.001) (Fig. 6F) , demonstrating the requirement of PDGFR-β and PDGFR-α for the survival/ protective effect of PDGF-CC on blood vessels.
Discussion
Blood vessel degeneration and regression have become an important focus in biomedical research because of their critical involvement in nearly all types of degenerative diseases. Therefore, there is an urgent need to identify effective molecules for vascular protection and survival. In this study we show that PDGF-CC is a potent vascular protective/survival factor that rescues retinal and blood vascular degeneration, whereas its deficiency exacerbates blood vessel regression in various animal models. Importantly, we revealed a previously unidentified mechanism underlying the function of PDGF-CC by showing that HMOX1 is critically required for the vascular survival effect of PDGF-CC. Even though PDGF-CC has been shown to be a potent angiogenic factor (10, 11, 15, (18) (19) (20) , its role in blood vessel survival and protection remained unclear. The receptors for PDGF-CC, PDGFR-α, and PDGFR-β, are thought to be expressed mainly by vascular SMCs, pericytes, and other mesenchymal cells and have been shown to be important for vascular survival because their inhibition led to vascular degeneration (24) . However, it remained unknown whether PDGF-CC plays a role in this process and whether it has a direct effect on vascular ECs. In this study, we found expression and activation of PDGFR-β and PDGFR-α by PDGF-CC not only in vascular SMCs but also in ECs. Indeed, neutralizing antibodies against PDGFR-β and PDGFR-α abolished the survival effects of PDGF-CC nearly completely, demonstrating that a direct survival effect of PDGF-CC on vascular SMCs and ECs is a major factor in PDGFR-β-and PDGFR-α-mediated blood vessel survival and protection.
The genes downstream of the PDGF-CC pathway are not well studied thus far. In this study, we found that PDGF-CC markedly up-regulated the expression of HMOX1 in different vascular cells, whereas inhibition of PDGF-CC or its receptors suppressed its expression in vitro and in vivo. Importantly, treatment with an HMOX1 inhibitor completely abolished the PDGF-CC-mediated vasoprotective effect on vascular SMCs and ECs in vitro and in various animal models in vivo. HMOX1 is a potent vasoprotective and survival factor because its robust antioxidative, antiapoptotic, and anti-inflammatory effects protect cells and tissues from injury (23) . Given that oxidative stress, apoptosis, and inflammation are critically involved in most degenerative diseases, induction of HMOX1 expression has been considered a promising strategy for the treatment of degenerative diseases. As a potent HMOX1 inducer, PDGF-CC achieves its vasoprotective effect, at least partially, through HMOX1.
It is noteworthy that PDGF-CC protein treatment in the RP model of rd1 mice rescued not only blood vessel but also retinal degeneration, as shown by the improved retinal vessel density and retinal thickness. RP is a retinal degenerative disease characterized by the death of retinal photoreceptor cells and blood vessel degeneration (3). To mitigate retinal degeneration in RP effectively, both retinal blood vessels and photoreceptors must be protected. In this study, the rescue effect of PDGF-CC may have several aspects. First, PDGF-CC has a direct vasoprotective effect on retinal blood vessels, which subsequently provide better blood perfusion and thus better photoreceptor survival. Second, PDGF-CC also may have a direct neuroprotective effect on retinal photoreceptor cells, which express the PDGFRs (8, 9). Indeed, we have shown previously that PDGF-CC is a potent neuronal survival factor (9) . One potential issue that remains to be defined better in future studies is to investigate astrocyte activation in detail after PDGF-CC treatment, because there seems to be a tendency for increased GFAP staining in the nerve fiber layer in the PDGF-CC-treated retinae. Thus, PDGF-CC appears to be a potent survival factor that protects the retina from degeneration via multiple mechanisms.
In summary, using different loss-and gain-of-function assays and multiple model systems, we demonstrate here that PDGF-CC functions as a critical vascular protective factor that is required to maintain blood vessel survival. PDGFR-β and PDGFR-α mediate the vascular survival effect of PDGF-CC on multiple vascular cells by up-regulating HMOX1 expression. Given the general involvement of blood vessel defects in most degenerative disorders, PDGF-CC may be of therapeutic use in treating such diseases.
Materials and Methods
Models of Blood Vessel Regression/Degeneration. All animal experiments were approved by the Animal Use and Care Committee of Zhongshan Ophthalmic Center at the Sun Yat-Sen University, Guangzhou, People's Republic of China. pdgf-c-deficient mice, the OIR model, the hyaloid blood vessel regression model, and the RP model of rd1 mice are described in SI Materials and Methods.
Cell Culture, Survival Assay, and Immunofluorescence Staining. Detailed descriptions of cell culture, the survival assay, and immunofluorescence staining procedures can be found in SI Materials and Methods. Cell culture, survival assays, and immunofluorescence staining were performed as described in refs. 9, 19, 21, 22, and 25. All cell-culture experiments were performed in triplicate and were repeated twice.
Receptor Activation, Western Blot, and Real-Time PCR. Detailed descriptions of receptor activation, Western blot, and real-time PCR procedures can be found in SI Materials and Methods and Table S1 . Receptor activation, Western blot, and real-time PCR were performed as described in refs. 9, 19, and 22.
Statistics. Two-tailed Student t test and one-way ANOVA were used for statistical analysis. Differences were considered statistically significant when P < 0.05. All values are presented as mean ± SEM of the number of determinations.
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Model of Oxygen-Induced Retinal Blood Vessel Regression and
Quantification of Avascular Area. The model of oxygen-induced retinal blood vessel regression (OIR) was performed as described (1, 2) . C57BL6 mice injected intravitreally (500 ng per eye) at postnatal day 7 (P7) with PDGF-CC (100-00CC; PeproTech; endotoxin level < 0.1 ng/μg), PDGF-AA (100-13A; PeproTech; endotoxin level < 0.1 ng/μg), PDGF-BB (100-14B; PeproTech; endotoxin level < 0.1 ng/μg), PDGF-DD (1159-SB; R&D; endotoxin level <0.01 EU/μg), or BSA as control were exposed to hyperbaric oxygen (75%) for 1 d or 5 d to induce retinal vasculature regression. After 5 d of hyperoxic stimulation, the mice were returned to room air for another 5 d. For the PDGF-CC/ PDGF receptor (PDGFR) blocking assay in the OIR model, PDGFR-α (2 μg per eye; AF1062; R&D) or PDGFR-β (2 μg per eye; Novus Biologicals) or PDGF-CC neutralizing antibody (2 μg per eye; AF1447; R&D) with PDGF-CC (500 ng per eye) was injected into mouse vitreous at P7. The retinae were harvested for real-time PCR, Western blot, whole mounts, and cryosection staining. The retinal avascular areas were analyzed using retinal whole mounts stained with isolectin B4 (IB4) conjugated with Alexa Fluor 488 (Invitrogen) (1:200). Image analysis was performed using an A1 Imager and AxioVision software (Carl Zeiss). Avascular areas were outlined using ImageJ software (National Institutes of Health) and were quantified and presented as the percentage of the total area of the retina.
Measurement of Endotoxin Levels. In addition to the information provided by the manufacturers' datasheets, the endotoxin levels of the PDGF proteins also were measured using a Limulus Amebocyte Lysate test (QCL-1000; BioWhittaker, Inc.) according to the manufacturer's instructions. Mean OD readings obtained from duplicate wells were used. We found that the endotoxin level is <0.065 EU/μg in PDGF-AA, <0.044 EU/μg in PDGF-BB, <0.033 EU/μg in PDGF-CC, and is undetectable in PDGF-DD (Fig. S8C) .
Pdgf-c-Deficient Mice. The pdgf-c-deficient mice were described previously (3). The pdgf-c-deficient mice were bred onto C57BL6 background for more than six generations. Even though the pdgfc-deficient mice were postnatal lethal on a 129 background (3), they survive and appear relatively normal on a C57BL6 background. The primers used for the genotyping PCR were 5′-CTG ATG TTC TCG TGA CTC TGA-3′; 5′-TAG CTA GTC GAT ACC GTC GA-3′; 5′-AGC TGA CAT TTG ATG AGA GAT-3′; and 5′-AGT AGG TGA AAT AAG AGG TGA ACA-3′. A 200-bp PCR product represents the wild-type mice; and a 350-bp band represents the deletion of the pdgf-c gene. Western blotting shows the absence of the 25-kDa band of the processed PDGF-CC protein in the lungs of the pdgf-c-deficient mice (Fig. S1A) .
Mode ofl Hyaloid Blood Vessel Degeneration and Vessel Analysis.
Hyaloid blood vessel regression assays were performed using pdgf-c-deficient and wild-type mice as described (2, 4, 5) . Briefly, the mouse eyes were enucleated and fixed with 4% (wt/vol) paraformaldehyde (PFA) for 30 min. The eyes then were injected with about 3 μL of 1.5% (wt/vol) low-melting-point agarose (Sigma) in PBS from the optical nerve side into the vitreous. After 30 min at room temperature, the eyeballs were incised around the equator. The hyaloid vessels embedded in agarose were removed from the retinal cup, heated on a glass slide, washed with PBS, and processed for DAPI staining. Vessel number was quantified using previously described methods (5).
A circle with a radius of half the maximum radius of the preparation was drawn on the spread of the hyaloid vasculature, and the number of vessels crossing the circle was counted.
Analysis of Blood Vessel Branch Points and Width in pdgf-c-Deficient/
Wild-Type Mice Using Retinal Whole Mounts. Retinal blood vessels were analyzed using published methods (6) with some minor modifications. Specifically, retinal vessel profiles of pdgf-c-deficient and wild-type mice at P15 were determined by IB4 staining using retinal whole mounts or cross-sections. To assess the density of the retinal vascular network using the IB4-stained retinal whole mounts, the number of blood vessel branch points in 30,000-μm 2 areas at the center, paracentral, and peripheral regions of the retinae, at four directions perpendicular to each other, were counted as described (6) . Six to eight retinae were analyzed in each group, and four directions were analyzed for each retina. For each direction, three areas were chosen. For the analysis of retinal blood vessel width, 10 random blood vessels were chosen for width measurement in each area, and the average width was calculated; that is, we measured 10 vessels per area, in three areas per direction, in four directions per retina, and there were six to eight retinae per group. The central retinal veins and arteries were excluded.
Analysis of Blood Vessel Density in pdgf-c-Deficient and Wild-Type
Mice Using Retinal Cryosections. The mouse eyes were embedded in optimum cutting temperature (OCT) compound (Leica) with the 9 and 12 o'clock positions of the corneal limbus facing two marker lines in the embedding container. The whole eye was cryosectioned throughout in parallel with the 12 o'clock meridian, and all the sections were collected. The section on which the optic nerve was visible was used for analysis to ensure that similar positions of the eyes were analyzed. The sections were stained with IB4. For each section, IB4
+ vessels were counted in four different locations: at 75% (location 1) and 25% (location 2) of the distance between the optic nerve and the inferior end of the retina and at 25% (location 3) and 75% (location 4) of the distance between the optic nerve and the superior end of the retina. For each retinal section, the four locations first were identified under low magnification, and then an image of a defined microscopic field (425 × 425 μm) was taken under a higher magnification at each location. When images were taken, the retina was adjusted to be in parallel with the bottom line of the microscopic field so that the same amount of retinal tissue (the whole retinal layer, 425 μm in length) was included in each field.
Effect of PDGF-CC on Heme Oxygenase-1 Expression and Blocking of PDGF-CC/PDGFR-α Signaling in the Retinae in Vivo. At P7, C57BL6 neonatal mice were injected intravitreally with PDGF-CC (500 ng per eye; 100-00CC, PeproTech) with or without neutralizing antibodies against PDGF-CC (2 μg per eye; AF1447, R&D) or PDGFR-α (2 μg per eye; AF1062, R&D). The same amount of BSA or goat IgG was used as controls. The mice subsequently were subjected to 75% oxygen for 5 d, and the retinae were harvested at P12 for analysis of heme oxygenase-1 (HMOX1) expression using real-time PCR and immunoprecipitation (IP) followed by immunoblotting (IB) to verify whether at the selected concentrations of both antibodies blocked PDGF-CC/PDGFR-α signaling.
Measurement of Blood Vessel Degeneration, Retinal Thickness, and Vessel Density in rd1 Mice. rd1 (FVB/NJ) mice, in which retinal and retinal blood vessel degeneration occur, are commonly used as a model for retinitis pigmentosa (7). Intravitreal injection of PDGF-CC protein (500 ng per eye) was performed every 4 d, on P9, P13, P17, and P21, and the retinae were harvested at P25 for analysis. The same amount of BSA was used as a control. To measure retinal thickness, the eyes were embedded and cryosectioned throughout in parallel with the 12:00 o'clock meridian. The sections were used for H&E and immunofluorescence staining. The sections in which the optic nerve was visible were used for analysis. Retinal thickness was measured at four different locations: at 75% (location 1) and 25% (location 2) of the distance between the optic nerve and the inferior end of the peripheral retina and at 25% (location 3) and 75% (location 4) of the distance between the optic nerve and the superior end of the retina. The thickness of the different retinal layers, including the inner nuclear layer and the outer nuclear layer, was measured under 200× magnification. To evaluate vascular density, vascular endothelial cells (ECs) in cryosections were labeled with IB4 and counted as described above. In addition, the superficial, intermediate, and deep layers of retinal blood vessels in the whole mounts (shown in green, red, and blue, respectively) were photographed using a Z1 Imager microscope (Carl Zeiss). Blood vessel density was analyzed using ImageJ software and was defined as the percentage of the total retinal area occupied by blood vessels and their lumens.
Cell Culture, Cell-Survival Assay, and HMOX1 Knockdown by siRNA.
Human retinal endothelial cells (HREC), human umbilical vein endothelial cells (HUVEC), human brain vascular smooth muscle cells (HBVSMC), human umbilical vein smooth muscle cells (HUVSMC), and human aortic smooth muscle cells (HASMC) were purchased from ScienCell and were cultured according to the supplier's instructions. Cells between passages 3 and 8 were used for experiments. The immortalized human dermal microvascular endothelial cells (HMEC-1) were cultured in endothelial cell complete medium (ScienCell) consisting of 5% FBS, 1% endothelial cell growth supplement, and 1% penicillin/streptomycin solution. For the cell survival assay, the cells were plated onto 96-well assay plates at different cell densities depending on cell type. At a confluence of 60-70%, the cells were starved and cultured in serum-free medium. Then the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide] (MTT) cell viability assay was performed as described (2, 8) . PDGF-CC protein (50 or 100 ng/mL) with or without the HMOX1 inhibitor zinc protoporphyrin IX (ZnPP IX) (1 μM or 5 μM) or HMOX1 siRNA (siRNActrl, siRNA1, siRNA2; RiboBio Co. Ltd.) was used in the experiments.
HMOX1 siRNA Knockdown in Cultured Cells in Vitro. HMOX1 siRNAs were transfected into the cells with Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's protocols. In brief, 30 pmol of control siRNA or HMOX1 siRNA (siRNA1, siRNA2) was mixed with 9 μL of RNAiMAX in Opti-MEM medium and incubated for 15 min at room temperature to allow the complex formation. The complex then was added into each well of six-well plates containing cells in complete culture medium, and cells were incubated for 48-72 h. For siRNA knockdown efficiency, cells were lysed in RIPA lysis buffer, and the protein concentration was determined by Bradford assay. Protein concentrations were normalized, and SDS/PAGE was performed, followed by Western blotting. After starvation in serum-free medium, the HRECs, HUVECs, HBVSMCs, and HUVSMCs were treated with the effective HMOX1 siRNAs with or without 100 ng/mL of PDGF-CC protein, and the MTT cell viability assay performed as described. , hyperoxia induces retinal blood vessel regression from P7 to P12. In the second stage (room air), blood vessel regression leads to retinal hypoxia, which results in retinal neovascularization peaking at P17. Therefore, if a potent vasoprotective factor were supplied in the first stage to prevent retinal blood vessels from regressing, there would not be subsequent retinal neovascularization in the second stage. (B) In a model of hyperoxiainduced retinal blood vessel degeneration, intravitreal injection of PDGF-CC protein rescued retinal blood vessels from regression after 1 d of hyperoxia at P8, leading to smaller avascular areas than seen in BSA-treated retinae. PDGF-BB and PDGF-DD displayed some effect. PDGF-AA had no effect. (C) As compared with normal P17 retinal blood vessels (Top), PDGF-CC treatment (Bottom) did not lead to more blood vessels than seen in normal retinae. PDGF-CC treatment promoted retinal blood vessel regrowth leading to a smaller avascular area and hypoxia-induced neovascularization as compared with BSA treatment (Middle). Images of higher magnification show relatively well-organized revascularization in the retinae treated with PDGF-CC, whereas retinae treated with BSA display irregular, tortuous, and clustering neovascular tufts. (Scale bars: 300 μm.) *P < 0.05, ***P < 0.001. In a retinitis pigmentosa model (rd1 mice), IB4 staining showed that intravitreal injection of PDGF-CC protein rescued retinal blood vessels from degeneration and resulted in higher blood vessel densities. The effect of PDGF-CC was abolished almost completely by a HMOX1 inhibitor, ZnPP IX. (C) H&E staining showed severe retinal degeneration in the BSA-treated retinae of rd1 mice (retinitis pigmentosa model). PDGF-CC protein treatment rescued the retinae from degeneration and markedly increased the thickness of retinal layers, including the inner nuclear layer (INL) and the outer nuclear layer (ONL). The rescue effect of PDGF-CC was abolished almost completely by a HMOX1 inhibitor, ZnPP IX. GCL, ganglion cell layer. (Scale bars: 50 μm.) *P < 0.05, **P < 0.01, ***P < 0.001. All genes were expressed in mouse.
